To understand the evolution of human mental activity, we performed population genetic analyses of nucleotide sequences (~ 11 kb) from a world-wide sample of 60 chromosomes of the N-acylsphingosine amidohydrolase (ASAH1) gene. ASAH1 hydrolyzes ceramides and regulates neuronal development, and its deficiency often results in mental retardation. In the region (~ 4.4 kb) encompassing exons 3 and 4 of this gene, there are two distinct lineages (V and M) that have been segregating in the human population for 2.4 ± 0.4 million years (my).
extended haplotype homozygosity (EHH) and relative-EHH (REHH) in ~ 200 kb surrounding specified genomic regions of interest were measured using the software Sweep.1.0 (SABETI et al. 2002) . The significance of the LRH test results was examined with the simulation program ms (HUDSON 2002) . In the simulation, neutral polymorphism data in a sample of 120 DNA sequences, each of which ~ 200 kb length, were generated without recombination to make the test conservative. One hundred segregating sites were randomly sampled so as to imitate the actual data for the eight LSD-associated genes (Supplementary Table 1 ). One thousand replications were carried out for each of the eight genes. For each gene in each population, the observed and simulated EHH and REHH were compared within the bin that contained haplotypes of the same frequency. The standard deviations of the observed values from the mean in their bin were calculated using the EHH significance calculator option of Sweep 1.0.
DNA samples, PCR, and sequencing
The 30 human genomic DNA samples used in this study come from 15 Africans (10 Pygmies, 2 African Americans, and 3 Yoruba) and 15 non-Africans (4 Amerinds, 5
Europeans, and 6 Asians). The repository numbers of these samples in the Coriell Cell Repositories are NA10470 -10473, 10492-10496, 10469, 10965, 10970, 10975, 11197, 11322, 11324, 11373, 11521, 11587, 13597, 13607, 13617 -13618, 13820, 13838, 14537, 14661, 18523, 18853, and 19208. PCR was used to amplify the part of ASAH1 gene (~ 12.5 kb), ranging from chromosome position 17969623 to 17982155 on chromosome 8 (NCBI build 36.2). The primers were designed using the program Primer3 (ROZEN and SKALETSKY 2000) and are given in Supplementary Table 2 . PCR was performed with 4 pmol of each primer, 150 ng of human genomic DNA, 0.2 mM dNTPs, 0.7 µl of Elongase@Enzyme Mix (Invitrogen, Carlsbad, CA) and 4 µl of PCR buffer containing 1.9 mM MgCl 2 in a total volume of 20 µl.
A RoboCycler Gradient 96 (Stratagene, La Jolla, CA) and TGradient (Whatman Biometra, Goettingen) were used under the following conditions depending on primer pairs: denaturation at 94° for 2 min followed by 40 amplification cycles of 94° for 30 sec, 55 -59° for 30 sec and 68° for 10 min, and ending with extension at 68° for 20 min. The amplified products were purified using ExoSAP-IT (United States Biochemical, Cleveland, CA) and sequenced directly. Except for repeated sequences and nucleotides with low quality peaks, the ~ 11 kb region was used for subsequent analyses. Sequencing reactions were performed using BigDye® Terminator v1.1 and v3.1 Cycle Sequencing Kits (Applied Biosystems, Foster City, CA) and analyzed on an ABI PRISM 377, 3100, and 3730 DNA sequencer (Applied Biosystems). To avoid sequencing errors, the PCR products were read at least twice in both directions. The accession numbers of sequences determined in this study
Population analyses
From the DNA sequence data of the ~ 11 kb region of ASAH1, haplotype phases were inferred using the program PHASE v.2.1 (STEPHENS et al. 2001; STEPHENS and DONNELLY 2003) and fastPHASE1.0.1 (SCHEET and STEPHENS 2006) . All estimated haplotypes were used for further analyses. The nucleotide diversity (π) (NEI and LI 1979) and Tajima's D (TAJIMA 1989) were computed, and the HKA test (HUDSON et al. 1987) was applied using the program DnaSP4.10 (ROZAS et al. 2003) . A gene tree for the strong LD region (after excluding two possible recombinants) was constructed and the time to the most recent common ancestor (TMRCA) was estimated using the software Genetree (GRIFFITHS and TAVARÉ 1995) , assuming the effective population size (N e ) of 10 4 and the generation time (g) of 20 years (TAKAHATA 1993; KLEIN and TAKAHATA 2002 
Simulations under various demographic models
We assumed a model of a panmictic population with bottleneck or expansion as well as that of both recent and ancient structured populations. Under the assumption of selective neutrality, the software ms (HUDSON 2002) efficiently evaluated the extent of neutral variation such as the π value. Twenty two different sets of demographic parameters were examined with 50,000 replications for each (Supplementary Figure 1 and Supplementary   Table 3 ) by commonly specifying the following parameters: the number of chromosomes, 60; the number of segregating sites, 49 (the observed value in the region of strong LD); and the generation time (g), 20 years. The other parameters for models followed the previous studies (TAKAHATA 1995; MARTH et al. 2004; VOIGHT et al. 2005; WILLIAMSON et al. 2005) .
To evaluate the effect of an advantageous mutation on the pattern of polymorphism in comparison with neutral cases, a forward simulation was also carried out (Supplementary Figure 2 ). An ancestral sequence of L = 1000 base pair length was generated at random. Two KUMAR et al. 2004) . The number of nonsynonymous sites was counted by a modified Nei-Gojobori method (NEI and GOJOBORI 1986; INA 1995; ZHANG et al. 1998 ) with the complete-deletion option.
RESULTS AND DISCUSSION

Linkage disequilibrium of LSD-associated genes
To identify target genes that showed a plausible signature of positive selection, we focused on eight LSD-associated genes whose deficiency clearly results in symptoms of mental retardation. The LRH test (SABETI et al. 2002) was applied to these genes using the my (HARRIS and HEY 1999; BARREIRO et al. 2005; GARRIGAN et al. 2005a; STEFANSSON et al. 2005; GARRIGAN and HAMMER 2006; HAYAKAWA et al. 2006) .
Except for one gene (GARRIGAN et al. 2005b) , the ancient TMRCA of these genes is attributed to the presence of two distinct lineages in Africa (SATTA and TAKAHATA 2004) . In particular, HAYAKAWA et al. (2006) show that the TMRCA at the CMP-Nacetylneuraminic acid hydroxylase (CMAH) locus is 2.9 my and suggest that this rather ancient TMRCA may result from partially isolated populations in the Pleistocene period in Africa. To compare the TMRCA at ASAH1 with that at other loci, we applied the HKA test to the nucleotide diversity and divergence at 10 loci including CMAH (HAYAKAWA et al. 2006 ) and those at ASAH1, but no significant differences are detected in the test. This suggests that the TMRCA at ASAH1 is not exceptional (Supplementary Table 7 ).
The π value (NEI and LI 1979) in the SL subregion of 60 chromosomes is high (0.37 ± 0.02%; Table 1 ), more than four times higher than the average value in the human genome (0.08%; SACHIDANANDAM et al. 2001) . It is examined whether this large π is compatible with demographic models which have been proposed for the human evolution so far by computer simulation (see the Materials and Methods, and Supplementary Figure 1) . The probability of π > 0.37% from simulated polymorphism data was estimated under neutrality.
The results of 50,000 replications showed that the probability was lower than 0.03 except for the ancient population-structure model (Supplementary Table 4 ). It should be noted that this ancient population-structure model (Supplementary Figure 1H) is consistent with π values at other loci, i.e. more than half of 10 loci used for the HKA test (data not shown).
The frequency of V and M in the total sample is 0.62 and 0.38, respectively (Supplementary Table 6 ). Under the assumption of Hardy-Weinberg equilibrium, the expected heterozygosity with V and M is 0.47. However, the observed value in the sample is 0.23, which is significantly lower than the expectation (P < 0.005, Chi-square test). This heterozygosity deficiency is also observed in both the African and non-African. Under overdominance selection, we may also expect an excess of heterozygotes over HardyWeinberg equilibrium, although the extent is not necessarily large if mating occurs at random every generation. The deficiency is inconsistent with the possibility of overdominance that might maintain two allelic lineages for a long time (TAKAHATA 1990) . Alternatively, this deficiency may suggest that the V and M lineages have been maintained in a partially isolated subpopulation until the exodus of Africa. When migration is limited, it is likely that genes within each subpopulation coalesce to a common ancestor and form a single cluster in a tree (TAKAHATA 1991). Subpopulation-specific lineages tend to be reciprocally monophyletic and independent mutations can accumulate in a lineage-specific manner. This pattern is consistent with the observed tree topology. In this context, it should be noted that the pattern of genetic diversity of ASAH1 and other loci is compatible with the proposal that the human population was once geographically structured and genetically differentiated in Africa (TAKAHATA 1995, SATTA and TAKAHATA 2004) .
ASAH1 polymorphism
The value of nucleotide diversity (π) within the V lineage (π VSL = 0.05 ± 0.01%; smaller than the nucleotide diversity within the M lineage (π MSL = 0.13 ± 0.02%).
Furthermore, the number of haplotypes in the V lineage is only six, yet it is 11 in the M lineage. These hold true in both African and non-African samples (Table 1) . We can therefore expect that the TMRCA within the V lineage is younger than that within the M lineage as far as the SL subregion is concerned (Figure 4) . Indeed, the TMRCA of the V lineage is estimated as 200 ± 50 ky from Genetree analysis (GRIFFITHS and TAVARÉ 1995) and 340 ± 80 ky based on the average nucleotide diversity (Materials and Methods).
On the other hand, the TMRCA of the M lineage is 320 ± 70 ky from the Genetree analysis we simply defined the V and M lineages in the ML subregion as those that are linked with V and M in the SL subregion. We then calculated the nucleotide diversity as π VML = 0.10 ± 0.02% and π MML = 0.18 ± 0.02%. They are not significantly different from each other (P > 0.05, Z-test), but π VML is significantly larger than π VSL (P < 0.01, Z-test; Table 1 ) .
As mentioned earlier, the frequency of the V lineage in the total sample is higher (0.62) than that of the M lineage (0.38). The predominance of the V lineage is observed in both Africans and non-Africans (Supplementary Table 6 ). The HapMap data also gives similar results: 0.83 in YRI, 0.56 in CEU, and 0.67 in both CHB and JPT. Despite the relatively high frequency of the V lineage irrespective of data and populations, the π value is smaller and the within-lineage TMRCA is shorter than the corresponding value in the M lineage. All these features are consistently explained by positive Darwinian selection operating for the V lineage. In addition, it should be noted that this small genetic diversity was limited to the SL subregion, suggesting that the target of the selection is located within the subregion.
Lineage-specific amino acid changes
We have also attempted to identify a target site of positive selection. In the SL subregion of ASAH1, there are 46 segregating sites in introns, one synonymous and two nonsynonymous segregating sites. The synonymous mutation is observed in only one chromosome (V040), whereas two nonsynonymous mutations (M72V and I93V) are "fixed" within each lineage. Regarding M72V, the Val is a derived and human-specific amino acid, because in chimpanzees, orangutans, and rhesus monkeys the amino acid at this site is exclusively occupied by Met. Regarding I93V, although the Val is shared by rhesus monkeys, but the site is occupied by Ile in chimpanzees and orangutans ( Figure 6 ). It is likely that site 93 is subjected to recurrent substitution to Val.
The SL subregion contains exon 3 (31 amino acids) and exon 4 (29 amino acids).
Although these exons do not encode the active center of ASAH1, mutations in these exons are associated to Faber disease. Three such nonsynonymous mutations are Y36C, V96del, and V97E (BAR et al. 2001; MURAMATSU et al. 2002) . It thus appears that these exons encode important functional parts of ASAH1. It is interesting to note that the 659 bp region encompassing M72V did not accumulate any mutations within the V lineage ( Figure 5 ). This is again a signature of selective sweep on the region encompassing Val at site 72, suggesting the amino acid might be a likely target of positive selection for the V lineage.
Theoretical considerations of natural selection operating on ASAH1
The The coalescence can occur in the admixed population during the period of t m generation. This conditional TMRCA, T 0 , is ready given by Noting that this coalescence is conditional with probability a and from formulas (1) and (2), we obtain the formula of the unconditional coalescence time T = T 0 + aT 1 :
For 4N 0 m > 1, T approaches to 2N 0 generations, whereas for small 4N 0 m, T becomes large in proportion to the reciprocal of m.
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Finally, to define the effective population size and the expected nucleotide diversity π for the present non-equilibrium demographic model, we set N e = T/2 as in NEI and TAKAHATA (1993) and obtain Table 2 ; t-test, P < 1E-130). Thus neutrality cannot explain the observed reduction of nucleotide diversity in the V lineage in the SL subregion. On the other hand, in the presence of selection, the mean and variance of nucleotide diversity in S lineage are significantly smaller than those in N lineage with any tested migration rate (Table   2 ; F-test: P < 1E-10, t-test: P < 1E-6). Selective sweep can thus result in reduced nucleotide diversity within a lineage that carries an advantageous mutation. This pattern is exactly what we observed at ASAH1.
Conclusions
The pattern and level of genetic variability at ASAH1 cannot be explained by demographic The REHH values (Y axis) are plotted against the core haplotype frequency (X axis).
Observed REHHs were compared with simulated data with 1,000 replications. Brown dots represent simulation results, and blue dots represent the observations of each four populations. The chimpanzee sequence was used to root the tree. Closed circles represent nucleotide substitutions. The haplotype names at the tip of the tree are provided in supplementary Table 6 . The numbers below the haplotype names represent the frequency of each haplotype on the 58 examined chromosomes, excluding two recombinant sequences.
Since the nucleotide at the 32nd site ( Figure 3 ) in M080 is the same as that in the chimpanzee, parallel substitution was thought to have occurred at this site; the site is incompatible with others and therefore excluded from the tree. After exclusion of this site, M080 in the SL subregion is identical to M2. For the method of TMRCA estimation, see the Materials and Methods. 
